Background-Heart failure with preserved ejection fraction (HFpEF) is associated with significant morbidity and mortality but is currently refractory to therapy. Despite limited evidence, heart rate reduction has been advocated, on the basis of physiological considerations, as a therapeutic strategy in HFpEF. We tested the hypothesis that heart rate reduction improves exercise capacity in HFpEF. Methods and Results-We conducted a randomized, crossover study comparing selective heart rate reduction with the I f blocker ivabradine at 7.5 mg twice daily versus placebo for 2 weeks each in 22 symptomatic patients with HFpEF who had objective evidence of exercise limitation (peak oxygen consumption at maximal exercise [ Vo 2 peak] <80% predicted for age and sex). The result was compared with 22 similarly treated matched asymptomatic hypertensive volunteers. The primary end point was the change in Vo 2 peak. Secondary outcomes included tissue Doppler-derived E/e′ at echocardiography, plasma brain natriuretic peptide, and quality-of-life scores. Ivabradine significantly reduced peak heart rate compared with placebo in the HFpEF (107 versus 129 bpm; P<0.0001) and hypertensive (127 versus 145 bpm; P=0.003) cohorts. Ivabradine compared with placebo significantly worsened the change in Vo 2 peak in the HFpEF cohort (-2.1 versus 0.9 mL·kg
U p to half of all patients with the clinical features of heart failure have preserved left ventricular ejection fraction (HFpEF), defined as an EF ≥50%. [1] [2] [3] Mortality rates in patients with HFpEF are similar to those in patients with reduced EF (HFrEF) 1, 2, 4 and are due largely to cardiovascular death. 4, 5 In contrast to HFrEF, there are no proven therapies for HFpEF despite the increasing prevalence and hospitalization rate. 2, 3 The failure of multiple investigational therapies to influence survival or to affect symptoms in HFpEF likely reflects heterogeneous case inclusion (including geographic variation in trial recruitment), suboptimal drug administration with regard to dose, stage or endophenotype of disease, or an incomplete conception of disease pathophysiology. [6] [7] [8] [9] 
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HFpEF has been conceptualized, in part, as a disorder of diastolic function, reflecting impairments in active relaxation and intrinsic myocardial compliance. 10 More broadly, these patients have impairments in ventricular-arterial coupling and of contractile function, albeit insufficient to reduce global left ventricular EF, and abnormally low skeletal muscle O 2 extraction.
Given the critical contribution of diastole to ventricular filling and coronary perfusion, reduction of heart rate, with a view to prolonging diastole, especially in atrial fibrillation, has been advocated as a therapeutic strategy to mitigate symptoms in HFpEF 13 and has been endorsed by guidelines. 14 However, increased heart rate is the major physiological contributor to the rise in cardiac output necessary to meet the metabolic demands of exercise, 15 the capacity for which is substantially reduced in both HFpEF and HFrEF. 16 Mechanistic studies of patients with HFpEF subject to exercise stress have implicated chronotropic incompetence as a potential contributor to impaired cardiac output reserve and thereby likely to contribute to the exertional dyspnea and effort intolerance characteristic of the syndrome. [16] [17] [18] [19] Accordingly, we sought to test the hypothesis that heart rate reduction improves exercise tolerance as assessed by peak oxygen consumption ( V o 2 peak).
We performed a placebo-controlled, crossover, clinical study to evaluate the effects of short-term selective heart rate reduction with ivabradine (2 weeks), an inhibitor of the sinoatrial pacemaker funny current (I f ) considered devoid of effects on cardiac contractility, 20 on the exercise performance of a homogeneous group of subjects with exercise-limited HFpEF. To substantiate the generalizability of the results and to inform our understanding of mechanisms responsible for exercise limitation, we performed a parallel study in a matched asymptomatic hypertensive group representing less advanced pathophysiology.
Methods

Study Design
We undertook a prospective, double-blind, placebo-controlled, randomized, crossover trial at 2 UK academic hospitals: the John Radcliffe Hospital (Oxford) and the Aberdeen Royal Infirmary. The study was designed to assess the effect of short-term administration of ivabradine on V o 2 peak and other parameters of exercise performance in a well-defined cohort of patients with HFpEF and a comparator asymptomatic hypertensive group. The study was approved by the Ethics Service committees in Aberdeen and Oxford (South Central). All participants provided written informed consent to study. Detailed methods are included in the online-only Data Supplement.
Study Patients
Consensus has not been reached on the optimal method(s) with which to define HFpEF patients; however, there is broad agreement that these dynamic disturbances during exercise cannot be predicted from resting measures of diastolic function. 21 For these reasons, our inclusion criteria corresponded to those previously used, 22 with rigorous cardiopulmonary exercise testing criteria to establish that the patients were objectively limited compared with age-and sex-predicted normal values.
HFpEF was defined according to the presence of both symptoms and signs of HF and EF ≥50%, a nondilated left ventricle and relevant structural heart disease in the form of left ventricular hypertrophy, left atrial enlargement, or evidence of diastolic dysfunction on echocardiography (mitral inflow E/A ratio, e′ measured at the mitral annulus, and E/e′ ratio). 23 Eligible patients with HFpEF were at least 60 years of age with subjective exercise limitation owing to breathlessness or fatigue and objective evidence of exercise limitation as a measured V o 2 peak on cardiopulmonary exercise testing of <80% predicted for age and sex, with an appropriate pattern of gas exchange. 24, 25 
Screening and Intervention
Eligible participants underwent screening assessment by history taking and physical examination, quality-of-life assessment measured by the Minnesota Living With Heart Failure Questionnaire, 26 biochemical blood analysis, 12-lead ECG, transthoracic echocardiography, spirometry, and cardiopulmonary exercise testing.
We screened 65 patients for the HFpEF group and selected 34 matched asymptomatic hypertensive patients from a hypertension database over a 2-year period from December 2011 through January 2014 ( Figure 1 ). Of these, 30 patients were found to be eligible to enter the HFpEF group, and all 34 patients were eligible for the asymptomatic hypertension group. The first 24 consecutive patients took part in the HFpEF group, of which 2 participants were excluded in the final analysis: 1 patient did not complete the study and dropped out during the second visit, and the other was excluded because of suboptimal exercise testing based on a respiratory exchange ratio of 0.81 during the second visit. Twenty-two asymptomatic hypertensive patients consented and participated in the study, and all were included in the final analysis. In line with existing trial protocols of ivabradine in HFrEF aiming for a heart rate target of 50 to 60 bpm, 27, 28 eligible participants were randomly assigned through block randomization to receive either ivabradine 7.5 mg twice daily or matching placebo tablets for 2 weeks (period 1). At the end of period 1, all screening assessments were repeated; in addition, cardiovascular magnetic resonance imaging was performed in the HFpEF cohort. After a 2-week washout period, subjects were then assigned to the alternative treatment arm (placebo or ivabradine) for a further 2 weeks (period 2). At the end of this, all period 1 assessments were repeated. Participants, investigators, and outcome assessors were all blinded to treatment allocation.
Study End Points
The predefined primary end point was the change in V o 2 peak. Secondary end points were changes in Doppler-derived E/e′, Figure 1 . Flow diagram of the study. CPEX indicates cardiopulmonary exercise testing; ECHO, echocardiography; HFpEF, heart failure with preserved ejection fraction; and MRI, magnetic resonance imaging.
brain natriuretic peptide levels, and quality of life assessed by the Minnesota Living With Heart Failure Questionnaire.
Statistical Analysis
For a crossover study design, power calculation indicated that to detect a mean absolute difference in V o 2 peak of 2.5 mL·kg
(SD, 2.5 mL·kg
), 22 patients could provide 90% power at an overall 2-sided α level of 0.05. Continuous variables are reported as mean±SD. Data sets were evaluated for normality by the Kolmogorov-Smirnov test. Comparisons between HFpEF and the asymptomatic hypertensive group were assessed by a 2-tailed Student t test. The comparisons between ivabradine and placebo treatments within patient groups were assessed by a 2-tailed paired Student t test. All statistical analyses were performed with the use of SPSS Statistics, version 19 (IBM). A value of P≤0.05 with a 2-tailed test was considered statistically significant.
Results
Baseline Clinical Characteristics
Baseline clinical characteristics of the patients are shown in Table 1 . Compared with the hypertensive group, the patients with HFpEF were older (74.6 versus 66.9 years; P=0.0001), were more likely to be female (65% versus 23%; P=0.014), and had a lower proportion of hypertension (50% versus 100%; P=0.0002). Cardiovascular drug therapy was similar between groups, but there was a significantly greater use of calcium channel blockers in the hypertensive cohort (55% versus 5% in the HFpEF cohort; P=0.0006). Three HFpEF patients but no hypertensive individuals were taking β-blockers (P=0.23). All HFpEF patients but none in the hypertension group scored significantly on the Minnesota Living With Heart Failure Questionnaire at baseline. There were no differences in resting plasma brain natriuretic peptide. The baseline echocardiographic characteristics of HFpEF patients are shown in Table  I in the online-only Data Supplement. ; P<0.0001), and maximal workload achieved (4.5 versus 7.7 metabolic equivalents; P<0.0001) compared with the hypertensive group but an increased ventilatory response to exercise, as indicated by a higher ratio of minute ventilation to carbon dioxide production ( VE/ V co 2 ; Table 2 ). Despite being asymptomatic, the hypertensive cohort had V o 2 peak values that were below mean age-and sex-predicted normal values (28.0 mL·kg
Response to Exercise
). HFpEF patients had marked chronotropic dysfunction with lower peak exercise heart rates (129 versus 145 bpm; P<0.0001). Table 3 and Table II in the online-only Data Supplement show the comparison of the effects of ivabradine versus placebo on resting hemodynamic, cardiac imaging, and exercise parameters in the HFpEF cohort. Ivabradine reduced the mean resting heart rate by 20 bpm (77 to 57 bpm; P<0.0001) without any effect on blood pressure or left ventricular EF. Similarly, ivabradine treatment reduced the chronotropic response to exercise (peak heart rate, 129 versus 107 bpm; P<0.0001). The heart rate reduction was accompanied by reduced peak oxygen consumption in the majority of HFpEF patients (19 patients had a reduction in the V o 2 peak), with a diminution in the V o 2 peak from 15.9 to 14.8 mL·kg ; P=0.003; Figure 2) . Compared with placebo, ivabradine treatment induced small but significant increases in the transmitral E/A ratio (0.6 versus 0.65; P=0.026) and mean e′ velocity (4.5 versus 5.4 cm/s; P=0.002), with no effect on the E/e′ ratio, ratio of myocardial phosphocreatine to adenosine triphosphate, or symptomatic status (Minnesota Living With Heart Failure Questionnaire; Table 3 ).
Selective Heart Rate Lowering With Ivabradine in the HFpEF Cohort
To assess the influence of ivabradine on submaximal exercise performance in patients with HFpEF, an analysis of the relationship between oxygen consumption and ventilation, defined as the oxygen uptake efficiency slope (OUES), was also undertaken (Table II and Figure I in the onlineonly Data Supplement). OUES is a submaximal measure of Values are mean±SD, percentages, or median (quartiles 1-3). ACE-I indicates angiotensin-converting enzyme inhibitor; ARB-II, angiotensin-receptor antagonist II; BNP, brain natriuretic peptide; HFpEF, heart failure with preserved ejection fraction; and NYHA, New York Heart Association. November 3, 2015 cardiorespiratory reserve less sensitive to exercise duration and has strong prognostic value in HF. 29 Compared with placebo, an assessment of the OUES at 75% of the duration of exercise identified a significant reduction with ivabradine 
Selective Heart Rate Lowering With Ivabradine in the Asymptomatic Hypertensive Cohort
As with the HFpEF group, administration of ivabradine at 7.5 mg twice daily significantly reduced resting heart rate compared with placebo (from 74 to 61 bpm; P=0.001). Peak exercise heart rate was blunted by ivabradine use (145 versus 127 bpm; P=0.003). Ivabradine use was associated with a statistically nonsignificant reduction in the primary end point, V o 2 peak (26 versus 24.5 mL·kg −1 ·min −1 ; P=0.47; Table 4 and  Table III in the online-only Data Supplement). Compared with placebo, ivabradine treatment was associated with a small but significant increase in the VE/ V co 2 ratio (27.4 versus 29.2; P=0.004) but did not affect the anaerobic threshold or peak workload.
Discussion
We undertook a short term, placebo-controlled, randomized, crossover study examining the effect of selective heart rate lowering with the I f inhibitor ivabradine on exercise capacity in a well-defined cohort of patients with symptomatic HFpEF. With individuals acting as their own controls, we found that 2 weeks of heart rate reduction with ivabradine at a dose of 7.5 mg twice daily in patients with HFpEF almost uniformly exacerbated already abnormal exercise physiology, resulting in a significant reduction in the primary end point, V o 2 peak.
Consistent with previous reports, [16] [17] [18] [19] our cohort of HFpEF patients had poor exercise tolerance, a significantly impaired peak oxygen uptake, low V o 2 at the anaerobic threshold, increased ventilatory response, and a reduction of the chronotropic response to exercise. Because of the broader pathogenesis of HFpEF, including prominent defects in skeletal muscle metabolism, 11, 12 our patients with HFpEF were not diagnosed on the basis of resting diastolic dysfunction but rather on the basis of subjective exercise limitation with normal left ventricular EF and the absence of significant valvular disease, together with objective exercise limitation. In the Treatment of Preserved Cardiac Function Heart Failure With an Aldosterone Antagonist (TOPCAT) study, of 935 patients with HFpEF, diastolic function was normal in approximately one third of gradable participants. 30 We also have observed a poor agreement between exercise E/E′, cardiopulmonary exercise testing categorization, and current criteria based on resting diastolic function. 31 We and others have found that HFpEF is characterized by dynamic disturbances of left ventricular active relaxation during exercise. [32] [33] [34] Furthermore, plasma brain natriuretic peptide is often relatively normal at rest in HFpEF, especially in those with a high body mass index in whom brain natriuretic Values are mean±SD, percentages, or median (quartiles 1-3). BP indicates blood pressure; HFpEF, heart failure with preserved ejection fraction; RER, respiratory exchange ratio; and VE / V CO 2 , ratio of minute ventilation to carbon dioxide production. peptide appears to be suppressed but rises dramatically on exercise (unpublished data). 31, 34, 35 The choice of V o 2 peak as the primary end point in this study is supported by its objective measurement of cardiac reserve, its robust correlation with survival, 36 and the difficulties in obtaining a true maximal oxygen uptake ( V o 2 max), which relies on exercise to absolute exhaustion with plateauing of oxygen uptake despite continued exercise. 29 In common with V o 2 max, V o 2 peak is effort dependent and does not provide insight into potential differences in submaximal exercise capacity that may be more reflective of the levels of exertion that result in symptoms in HF patients. To address this possibility, we also evaluated a measure of submaximal cardiopulmonary reserve, the OUES, the value of which has, unlike V o 2 , been shown to be relatively independent of exercise duration and an even more powerful predictor of prognosis than conventional measures of exercise performance. 29 We found that ivabradine treatment also significantly reduced submaximal cardiorespiratory reserve in HFpEF. Although there was a significant change in certain parameters of exercise capacity, ivabradine treatment did not discernibly alter the cardiac energetic status (ratio of phosphocreatine to adenosine triphosphate) of the HFpEF or hypertensive patients.
In contrast to the Class Ia evidence in HFrEF, limited evidence-based treatment options exist for the management of HFpEF. Current therapy includes heart rate reduction, a strategy based on physiological observations dating to the late 19th century that, primarily at higher heart rates, shortening of the diastolic filling period impairs cardiac filling and results in lower stroke volumes. 37 The findings from the present study question this widely held approach, indicating that even short-term selective heart rate lowering in the presently defined population of HFpEF patients acts to impair exercise capacity, not least as the relationship between decreasing heart rate and increasing stroke volume is asymmetrical. Moreover, the observation that despite ameliorating some measures of cardiac filling (eg, e′), heart rate reduction almost uniformly adversely affects exercise tolerance highlights the need for a broader conceptualization of HFpEF as a chronic, complex disorder of integrated cardiovascular reserve rather than a purely diastolic disease. 11, 12, 16, 38 Kosmala et al 13 reported increased exercise capacity in patients with HFpEF after short-term treatment with ivabradine. The reasons underlying the discrepancy with the present study are unclear but may reflect the younger population studied (mean age, 67 years), atypical of the clinical population seen with HFpEF, shorter duration, and lower dose of ivabradine (7 days of 2.5-5 mg twice daily, resulting in a reduction in resting heart rate of 10 bpm), which did not appear to affect peak heart rate response to exercise and perhaps study design (not crossover). Our patients, being older and at an age more typical of the HFpEF population, with advanced chronotropic incompetence and diminished stroke volume reserve (a largely fixed stroke volume) were more sensitive to heart rate reduction.
The present proof-of-concept study was not designed to address whether selective heart rate slowing had longer-term effects on survival or hospitalization. However, the significant and consistent reduction in multiple metabolic stress testing parameters linked to mortality in HF, including reduced V o 2 peak, increased VE / V co 2 , 39 low chronotropic response, 39 and reduced OUES, 29 suggests the need for caution with indiscriminate heart rate reduction in this population of patients. Harmful off-target effects beyond the inhibition of sinoatrial I f are possible. Indeed, subgroup analyses of the Effects Of 
Values are mean±SD, percentages, or median (quartiles-3). HFpEF indicates heart failure with preserved ejection fraction; LVEF, left ventricular ejection fraction; and MHLFQ, Minnesota Living With Heart Failure Questionnaire. November 3, 2015
Ivabradine in Patients With Stable Coronary Artery Disease Without Heart Failure (SIGNIFY) trial using ivabradine suggested a signal for cardiovascular harm in stable coronary artery disease. 40 However, we speculate that we are observing mechanism-related drug effects and that reducing heart rate with other agents (eg, β-adrenergic blockade) may confer similar or more profound adverse effects in HFpEF as a result of their impact on heart rate and exercise-dependent ventricular lusitropy. 41 The following represent potential limitations of our study. First, the sample size studied was small, but the treatment was not found to be beneficial in either group. Importantly, in this crossover study, we observed no evidence of a carryover or period effect; the washout period of 2 weeks (336 hours) exceeds the biological half-life of ivabradine (2 hours). Nevertheless, the study needs to be replicated in a larger clinical trial examining a well-defined homogeneous cohort powered to look at mortality and morbidity end points that may support this and point to alternative strategies to improve exercise intolerance. Second, the heart rate reduction of 20 bpm in our study group was greater than previously studied in trials using ivabradine. A beneficial effect resulting from a lesser heart rate reduction cannot be excluded.
Conclusion
The results of the present study do not support a general strategy of heart rate reduction in HFpEF and question its role in improving symptoms in these patients.
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